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NMRDMT1 (divalent metal ion transporter 1) is onemember of a family of proton-coupled transporters that facilitate
the cellular absorption of divalent metal ions. A pair of mutation-sensitive and highly conserved histidines in the
sixth transmembranedomain (TM6) of DMT1was found to be important for proton-metal ion cotransport. In the
present work, we investigate the structures and locations of the peptides from TM6 of DMT1 and its H267A and
H272Amutants inSDSmicelles byCDandNMRmethods. The circular dichroismstudies show that theα-helix is a
predominant conformation for the wildtype peptide and H267A mutant in SDS micelles, whereas the helicity is
evidently decreased for H272A mutant. The pH value has little effect on the α-helical contents of the three
peptides. The NMR studies indicate that the wildtype peptide in SDS micelles forms an “α-helix-extended
segment-α-helix” structure inwhich theHis267 locates near the central part of the extended segment, while the
His272 is involved in the α-helical folding. Both histidines are buried in SDS micelles as evidenced by their pKa
values. The structure of the wildtype peptide is evidently changed by the mutations of H267A and H272A. The
H267A mutant forms an ordered structure consisting of an α-helix from the C-terminus to the central part and
continuous turns in the residual part. The extended structure in the central part of the wildtype peptide is
abolished byH267Amutation. TheH272Amutationmainly induces unfolding of the short helix in theN-terminal
side, while the short helix in the C-terminal side and unordered conformation in the central part remain. All the
three peptides are embedded in SDS micelles, and the H267A mutant is inserted more deeply due to increasing
hydrophobicity in the central part of the peptide. The speciﬁc “α-helix-extended segment-α-helix” structure of
TM6 may have an important implication for the binding of the transporter to H+ and metal ions and the
conformation change induced by the mutations of two highly conserved histidines may be correlated to the
deﬁciency of the transport activity of DMT1.upramolecular Structure and
chun 130012, P. R. China. Tel.:
ll rights reserved.© 2010 Elsevier B.V. All rights reserved.1. Introduction
DMT1 (divalent metal ion transporter 1), also known as Nramp2/
Slc11a2/DCT1 (natural resistance-associated macrophage protein 2/
solute carrier family 11 member 2/divalent cation transporter 1), is the
ﬁrst identiﬁed mammalian transmembrane metal ion transporter and
plays an important role inmaintaining the proper concentrations ofmetal
ions in living cells [1–3]. DMT1 belongs to a family of integral membrane
proteins thathasbeenhighly conservedduringevolution,membersof this
family have been identiﬁed in bacteria [4], plants [5], yeast [6], fruitﬂy [7]
andmammals [8]. It consists of 12 predicted transmembranedomains, six
extracytoplasmic loops and ﬁve intracytoplasmic loops, the amino
terminus and the carboxyl terminus exposed to the cytoplasm [1]. A
mutation of G185R in transmembrane domain 4 of DMT1 was found to
cause microcytic anemia in microcytic anemia (mk) mouse and Belgrade(b) rat, resulting from defective cellular iron uptake and erythroid iron
utilization [9,10]. The DMT1 also has an important role in human iron
disorders. It was found that duodenal NRAMP2 mRNA expression is
increased in haemochromatosis patients [11].
Direct metal ion transport studies in Xenopus laevis oocytes
suggested that DMT1 can transport a broad range of divalent metal
ions, including Cu2+, Mn2+, Co2+, Zn2+, Cd2+, Ni2+ and Pb2+ with
H+-coupled fashion. The Fe2+ uptake mediated by DMT1 was pH
dependent and markedly stimulated at low extracellular pH [1]. The
stoichiometry of proton to metal ion in transport also varied with
external pH conditions. The stoichiometry of proton to metal ion was
close to 1:1 at neutral pH. At low pH, DMT1 expressed in Xenopus
oocytes exhibited a metal ion induced, uncoupled proton current into
theoocyte (atmembranepotential of−50 mVandpH5.5 thenumber of
H+ ions transported with one Fe2+ ion increased to 10), and under
certain conditions the transporter operated as a H+ uniporter [1,12]. At
high pH, DMT1 can transport Fe2+ uncoupled with H+ [13].
Two highly conserved histidine residues located in the sixth
transmembrane domain (TM6) of Slc11 proteins were found to have a
unique and crucial role in pH regulation of metal ion transport [13–15].
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mammalian cells demonstrated that this histidine pair is mutation
sensitive, an alanine substitution at either or both sites causes deﬁciency
of function and shifts the pH required to achievemaximal transport to a
more acidic value [14]. Oocyte expressing DMT1 mutants H267A and
H272A demonstrated a decrease in Fe2+ uptake activity as compared to
wildtype DMT1. However, unlike H267A that, except for the decrease in
the activity, relatively maintained the transporter properties of DMT1,
H272A generated an approximate 10-fold increase in the leak current
and this leak current was inhibited by Fe2+. The Fe2+ uptake mediated
byH272Awas independent of the extracellular pH (7.0, 6.1, or 5.2) [13].
These results suggest that the two histidines may have difference in pH
regulation of metal ion transport.
In order to better understand the mechanism of divalent metal ion
transport by Slc11 proteins and the role of TM6, especially two
histidines in TM6, in the transport, the elucidation on the structure of
the transmembrane segment is essential. Courville et al. have
predicted the three-dimensional structure of SLC11 proteins by
modeling SLC11 homologs on the LeuT/SLC6 structure. In the
LeuT-based model, TM6 displays a discontinuous helix (α-helix-
extended peptide-α-helix) structure [16]. However, there has been no
experimental evidence for the three-dimensional structure of TM6 to
be found till now. In the present work, we investigate the structures
and locations of the isolated peptides corresponding to the sequence
of TM6 of DMT1 and its H267A and H272A mutants in SDS micelles
using NMR and CD methods. We verify for the ﬁrst time that TM6
adopts an “α-helix-extended segment-α-helix” structure in mem-
brane. H267A and H272A mutants lose this speciﬁc structure. The
structural change of TM6 induced by the mutations of the two
conserved histidines may be associated to deﬁciency of biological
function of DMT1.
2. Materials and methods
2.1. Materials
The peptidewith the sequence of Ac-Gln1-Ala-Val-Gly-Ile-Val-Gly-
Ala-Val-Ile-Met-Pro-His13-Asn-Met-Tyr-Leu-His18-Ser-Ala-Leu-Val-
Lys-Ser-Arg25-NH2, corresponding to the residues 255–279 of the
sixth transmembrane domain of DMT1 (dominated as WT), and its
substituents of alanine at the thirteenth and eighteenth position,
corresponding to the H267A and H272A mutants, respectively
(dominated as H267A and H272A), were synthesized by GL Biochem
Ltd (Shanghai, China). The purity of the peptides was estimated byFig. 1. CD spectra of the WT peptide and H267A and H272A mutants in SDS micelles at
pH 6, room temperature.HPLC and Mass Spectrometry to be above 95%. Deuterated sodium
dodecyl sulfate (SDS-d25; 98%), D2O (99.8%) and methanol-d4 (99.6%)
were purchased from Cambridge Isotope Laboratories. 1,1,1,3,3,3-
hexaﬂuoro-2-propanol (HFIP; 99.5%) was purchased from Acros
Organics. The spin label 16-doxylstearic acid (16-DSA) was obtained
from Sigma. All chemicals were used as purchased directly without
further puriﬁcation.
2.2. Sample preparation
The detergent micellar samples were prepared by dissolving the
peptide powder in 200 μL HFIP and then mixing it with an equal
volume of SDS-d25 aqueous solution. The mixture was further diluted
with 1.6 mL deionized water and lyophilized overnight. The resulting
dry powder was rehydrated with a 90%H2O/10%D2O (v/v) mixture to
obtain the ﬁnal concentration of 2 mM peptide in 240 mM SDS-d25 for
general NMR measurements. The samples with 20 μM peptide in
10 mM SDS micelles were prepared similarly for CD experiments. The
pH value of the samples was adjusted by addition of a small amount of
NaOH or HCl solution and measured using a micro pH electrode
(Hamilton) without taking the isotope effects into account.
A certain amount of 16-DSA or MnCl2, solubilized in a small
volume of methanol-d4 or deionized H2O, respectively, was added in
the sample of 1 mM peptide incorporated with 120 mM SDS-d25 at pH
6 to yield a ﬁnal concentration of 1 mM of 16-DSA and 0.02 mM of
MnCl2 for the paramagnetic probe NMR experiments.
2.3. Circular dichroism (CD) spectra
Far-UV CD spectra were recorded on a Jasco J-810 spectro-
polarimeter at room temperature. A cell with 0.5 mm path length
was used. The measurements were performed in a scan range of
190–260 nmwith a step resolution of 0.1 nm at a speed of 50 nm/min.
The bandwidth was set to be 1.0 nm and the response time 0.25 s.
Three scans were averaged for each spectrum and the reference
spectrum of the respectivemediawas subtracted. For each sample, the
CD experiment was carried out for one time. The secondary structure
contentswere estimated by the CDPro software package [17] using the
program CONTINLL with 56-protein set.
2.4. NMR spectroscopy
All NMR spectra were acquired at a Bruker Avance 500 MHz
spectrometer with a z-gradient coil and 5-mm triple resonance
inverse (TBI) probe at 298 K. Sodium salt of 3-(trimethylsilyl)-
propionate-2,2,3,3-d4 (TSP) was used as an internal standard for
proton chemical shifts. Two-dimensional nuclear Overhauser effect
spectroscopy (NOESY) experiments were performed using a mixing
time of 200 ms and 32–48 transients for each increment in t1. Total
correlation spectroscopy (TOCSY) experiments were performed using
mixing time of 100 ms and 75 ms and 24–32 scans.Water suppression
was achieved usingWATERGATE technique. All spectra were collectedTable 1
The secondary structure content (%) of the peptides in SDS micelles.
Sample pH Helix β-strand Turn Unordered
WT 4 33.7 16.2 19.5 30.8
6 32.3 18.2 20.0 29.5
8 30.7 18.8 23.1 27.5
H267A 4 41.1 12.9 17.7 28.3
6 43.5 12.2 17.9 26.4
8 41.0 11.5 20.3 27.3
H272A 4 18.6 29.7 20.8 30.9
6 17.3 32.8 20.3 29.5
8 21.2 30.4 20.6 27.9
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dimension and processed using XWINNMR software (version 3.5).
NMR assignments were achieved using the software Sparky [18].
2.5. Titration experiments
A series of TOCSY spectra were recorded at various pH values. The
pH dependence of the proton chemical shifts was ﬁtted based on the
modiﬁed Hill equation (Eq. (1)) [19],
δðpHÞ = δbase + δacid × 10
nðpKa−pHÞ
1 + 10nðpKa−pHÞ
ð1Þ
where δbase and δacid represent the chemical shifts at basic plateaus
and acidic plateaus, respectively, and n is Hill coefﬁcient. All theFig. 2.Hα-HNregionof2DNOESYspectra and theNOEconnectivitiesaswell as secondarystructur
in SDS-d25 micelles at pH 6, 298 K.parameters were used as variants during the nonlinear least square
analysis.2.6. Structure calculation
Three-dimensional structures of the peptides were calculated with
the program CYANA (version 1.0.6), using a torsion angle dynamics
algorithm on the basis of given constraints from NMR data [20].
Structure calculations were initiated from 200 conformers with
random torsion angle values and the 20 structures with the lowest
target functionswere further reﬁned by energyminimizationwith the
AMBER7 force ﬁeld [21,22]. The Ramachandran analyses ofmain chain
dihedral angles to assess the stereochemical quality of the structures
were carried out using the software PROCHECK-NMR [23]. The ﬁnal
structures were displayed with the software MOLMOL [24].eshifts for2 mMWTpeptide (AandB),H267Amutant (CandD)andH272Amutant (EandF)
Fig. 2 (continued).
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3.1. The secondary structure analysis by CD spectra
The CD spectra of both WT peptide and H267A mutant in SDS
micelles at various pH values display typicallyα-helical characterwith
twonegativeminimanear 208 and222 nmandonepositivemaximum
near 192 nm. However, the CD spectra of H272Amutant at various pH
values are characterized by one negative minimum near 208 nm, one
broad negative band around 217 nm and one positive band around
192 nm, probably due to the presence of signiﬁcant fraction of
β-strand structure. Fig. 1 illustrates the CD spectra of the three
peptides in SDS micelles at pH 6. The secondary structure analysis
shows that the helical contents of WT peptide at pH 4, 6 and 8 are
33.7%, 32.3% and 30.7% and those of H267A mutant are 41.1%, 43.5%and 41.0%, respectively. However, the fractions of α-helix for H272A
mutant are 18.6%, 17.3% and 21.2% at pH 4, 6 and 8, respectively, much
less than those of other two peptides. All data of the secondary
structure analysis are summarized in Table 1. The results indicate that
the change in pH value almost has no effect on theα-helix contents for
the three peptides in SDS micelles.
3.2. NMR structures
The proton resonance assignments of the peptides in SDS-d25
micelles were achieved by combined use of 2D TOCSY and NOESY
spectra. In 2D NOESY spectrum of WT peptide at pH 6, there are some
medium-range NOE connectivities Hα(i)–HN(i+3), Hα(i)–HN(i+4)
and Hα(i)–Hβ(i+3) in two regions from the N-terminus to Val9 and
Tyr16 to the C-terminus (Fig. 2A and B). However, the medium-range
Fig. 2 (continued).
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C-terminus for H267A mutant (Fig. 2C and D) but limited in the span
from Asn14 to the C-terminus for H272Amutant (Fig. 2E and F). Based
on these NOE constraints we calculated the conformations of the three
micelle-bound peptides using CYANA. An ensemble of 20 structures
with the lowest target functions and the ribbon representation for
each peptide are shown in Fig. 3. The structures of the three peptides
are distinctly different. The WT peptide includes two short α-helical
portions, ranging from Val3 to Val6 and His18 to Lys23, separated by a
central ﬂexible linker (Fig. 3A and D). In contrast, the H267A mutant
adopts an ordered structure with continuous turns from the N-
terminus to Val9 and an α-helix from Ile10 to Val22 (Fig. 3B and E),
while the H272A mutant forms a short α-helix from Tyr16 to Leu21
with other part unstructured (Fig. 3C and F). The structural statistics
for the three peptides in SDS-d25 micelles are summarized in Table 2.Ramachandran analyses on the structures of the peptides indicate that
the dihedral angles of all residues involved in the helical region fall
within the allowed regions.
In order to examine whether histidine deprotonation affects the
structure of the peptide, we measured the NMR spectrum of the WT
peptide at pH 8. Unfortunately, the HN protons of some residues, such
as His13–Met15, His18, Ser19, disappeared at this pH value,
preventing us from achieving a three-dimensional structure. Even
though, other resonances were still assigned with combination of
TOCSY and NOESY spectra. Therefore, we compared the secondary
structure shiftΔδss of theWT peptide at pH 5, 6 and 8 (Fig. 4). The data
in Fig. 4 show that the Δδss values are similar for the peptide at the
three pH values, implying that the deprotonation of histidines has
little effect on the peptide structure. This is in agreement with CD
data.
Fig. 3. Superposition of the backbone atoms of the 20 structures with the lowest target functions and ribbon representation for the WT peptide (A and D), H267A mutant (B and E)
and H272Amutant (C and F) in SDS-d25 micelles at pH 6, 298 K. ForWT peptide, the structures are ﬁtted over Val3–Val6 and His18–Lys23 with RMSD 0.20 Å and 0.33 Å, respectively.
For H267A and H272A mutants, the structures are ﬁtted over Ile10–Val22 with RMSD 0.41 Å and Tyr16–Leu21 with RMSD 0.38 Å, respectively.
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The pH titration experiments provide us quantitative information
about electrostatic interactions, hydrogen bonding interactions
between ionizable group and the vicinity residues and solvent
accessibility of the residues [25]. The pKa of an ionizable group in a
protein may be shifted from its intrinsic value by its environment,
more polar for a decreased pKa or less polar for an increased pKa
[26,27].
The pH dependences of chemical shifts from the δ- and ε- proton
of His13 and His18 forWT peptide are shown in Fig. 5A. The pKa values
from the Hδ/Hε of His13 (corresponding to His267 of DMT1) are
7.8/7.8, while those of His18 (corresponding to His272 of DMT1) are
7.6/7.7, all of them are higher than the pKa of imidazole proton of
histidine in model peptide (6.3 [28] or 7.0 [29]), indicating that the
histidines are involved in a less polar environment than water, likelyembedded in SDS micelles. For both H267A and H272A mutants, the
pKa values from the Hδ of the unsubstituted histidine are 8.0 (Fig. 5B),
close to those of WT peptide.3.4. Location determination by paramagnetic agents
The positioning of the peptides in SDS-d25 micelles was investi-
gated using Mn2+ and 16-DSA. Mn2+ has been previously demon-
strated as a paramagnetic probe to explore solvent-exposed residues
for membrane peptides [30], therefore, peptide protons exposed to
the solvent would be the most affected, whereas those located at the
micellar interior would be less affected. The nitroxide group of spin
label 16-DSA is localized close to the apolar end of the carbon chain
[31,32], consequently, it only broadens the residues situated near the
micellar center.
Table 2
Structural statistics of the peptides in SDS micelles at pH 6, 298 K.
Peptide WT H267A H272A
Average target functions (Å2) 0.27±0.08 0.68±0.08 0.41±0.13
Number of nonredundant
distance restraints
250 298 223
Intraresidual (|i-j|=0) 119 119 108
Sequential (|i-j|=1) 95 95 82
Medium (|i-j|≤4) 31 79 28
Long range (|i-j|N4) 5 5 5
Average sum of distance
restraint violations (Å)
1.7±0.5 3.7±0.3 2.0±0.4
Average maximum distance
restraint violation (Å)
0.23±0.05 0.26±0.05 0.28±0.08
Average sum of torsion angle
restraint violations (°)
0.2±0.5 1.4±1.6 1.0±1.8
Average maximum of torsion
angle restraint violation (°)
0.16±0.50 1.06±1.03 0.97±1.81
AMBER energy (kcal mol−1) −793.0±0.7 −824.8±0.5 −781.1±0.5
R.m.s. deviation from the mean structure (Å)
for the well-deﬁned segmenta
Backbone heavy atoms 0.20±0.13 (N) 0.41±0.34 0.38±0.26
0.33±0.15 (C)
All heavy atoms 0.69±0.25 (N) 0.90±0.34 0.95±0.33
1.03±0.32 (C)
Ramachandran plot statistics (at each helical span)
Residues in most favored region (%) 92.5 92.1 83.3
Residues in additionally
allowed region (%)
7.5 7.9 15.8
Residues in generously
allowed region (%)
0.0 0.0 0.8
Residues in disallowed region (%) 0.0 0.0 0.0
a The well-deﬁned segments are the residues 3–6 (N) and 18–23 (C) for WT peptide,
10–22 for H267A mutant, 16–21 for H272A mutant.
Fig. 5. The pH titration curves for the δ- and ε-proton of both His13 and His18 of WT
peptide (A), δ-protons of histidines for H267A and H272A mutants (B) at 298 K.
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recorded in the absence and presence of the paramagnetic Mn2+ and
16-DSA. The broadening effects of the paramagnetic agents on the
proton NMR signals were analyzed by the percentage of the remaining
intensities of Hα-HN cross peaks after the addition of the agents, as
demonstrated in Fig. 6 (the ratios of intensity are normalized relative
to the cross peaks of Hα–Hγ of Val22 and Gln1 for Mn2+ and 16-DSA
experiment, respectively). For WT peptide, Mn2+ ions have little
effect on the signal intensities of the residues over His13-Lys23 and a
minor effect on those of the residues over Ala2-Gly7, but signiﬁcantly
broaden the cross peaks of the residues Ala8, Val9, Ser24 and Arg25.Fig. 4. The secondary structure shift of the WT peptide at three pH values, 298 K.The Hα-HN cross-peak from the residue Met11 of WT peptide is more
broadened by 16-DSA, while other residues are less affected. These
results suggest that the WT peptide locates in the micelles where
Met11 is inserted more deeply and Ala8 and Val9 are closer to the
surface, and the N-terminal helix is less deeply inserted than the C-
terminal helix. Remarkably, the NMR signals of two histidines of the
wildtype peptide are less quenched by Mn2+ ions, suggesting that the
two residues are less water accessible. This is in agreement with the
results of pKa. For H267A mutant, the effects of Mn2+ on the cross
peaks of Ala8 and Val9 are remarkably reduced and those of 16-DSA
on the Hα-HN cross peak of Leu17 is remarkably increased, suggesting
that Ala8 and Val9 of H267A mutant are less water accessible and
Leu17 resides near the micellar center. Based on the results of
paramagnetic ion and spin label, we infer that the H267A mutant is
inserted in the micelles more deeply than WT peptide. The
broadening effects of Mn2+ and 16-DSA on the Hα-HN cross peaks
of H272A mutant are similar to those of WT peptide, indicative of a
similar topology of the two peptides.
3.5. Implication of structure to function
In the recent years, discontinuous helices represented by “α-helix-
extended peptide-α-helix” structures have been found in membrane
transport proteins. In the discontinuous helices, the central extended
segment was considered to be directly involved in the active sites of ion
transporters [33–38]. By modeling SLC11 homologs on the LeuT/SLC6
structure, Courville et al. suggested that the domains 1–5 and 6–10 of the
Fig. 6. The effects of Mn2+ ions (A) and 16-DSA (B) on the resonance intensities of the
three peptides in SDS-d25 micelles at 298 K.
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the membrane [16]. In this anti-parallel symmetrical structure, helices of
TM1 and TM6 are interrupted by a pair of extended peptides appeared on
the central location of the model transporter architecture. Two motifs in
anti-parallel orientation “DPG” of TM1 and “HPM” of TM6 in the twopairs
of extended peptides were considered to be crucial for cation/proton
cotransporter.
The present study reveals that the WT peptide from TM6 of DMT1
adopts an “α-helix-extended segment-α-helix” conformation in SDS
micelles. The motif HPM falls in the ﬂexible central part of the
transmembrane peptide. This is consistent with the modeling
structure predicated by Courville et al. [16]. The relative positioning
and orientation of the N- and C-terminal helical stretches are quite
variable in the isolated TM peptide, however, in the full-length
protein, the position and orientation would be ﬁxed by interacting
with adjacent residues in other helices or by binding ions.
The particular “α-helix-extended segment-α-helix” structurewould
have important implication for the functions of the protein. The ﬂexible
central hinge of TM6 may undergo fast and subtle conformational
change in response to pH through the bending and twisting of the
associated helical elements. In addition, compared to α-helix, the
ﬂexible central segment could create a space for accommodation of
charged metal ions in a tightly packed α-helical environment. The pH-
dependent conformational changes have been reported for other
membrane transport proteins. In the model of NhaA, Asp133 that
resides in the extended region of TM4 between two short α-helicesplays a crucial role in stabilizing positional relationships by compensat-
ing the positive charges in the N-termini of TM4 and TM11. The
protonation of Asp133 at acidic pH induces rearrangement of two short
helices because a protonated carboxylic group cannot effectively
neutralize the opposing dipoles [37,39]. In the KcsA channel, several
charged residues on TM1 and TM2 are involved in the opening and
closing of the channel. The interactions of Glu118 and Glu120 with
Arg122 and interaction of Glu118 with His25 generate an inter- and
intra-subunit network of salt bridges and hydrogen bonds to stabilize
the closed formation. At acidic pH, the glutamates protonate and
become neutral, breaking all inter- and intra-subunit salt bridges and
increasing the net positive charge on the TM2 helices; and/or the
histidine becomes positively charged, destabilizing the bundle by
electrostatic repulsion with Arg117, Arg121 and Arg122, and/or the
increase inhydrophilicity in themainly hydrophobic environmentof the
bundle crossing. All these changes induce the channel open [40]. On the
basis of above results, one can speculate that the histidines in TM6 of
DMT1 may act as a pH sensor in a pH-dependent transport pathway of
the transporter. At acidic pH, the protonation of histidine imidazole
protons may break compensatory electrostatic interactions and/or
disrupt salt bridges between adjacent residues, inducing overall
conformational changes from an inactive state to an active state.
Both CD and secondary structure shift results in the present study
show that the lengths of the two helix stretches are not changed with
pH, meaning that the protonation/deprotonation of histidines has
little effect on the helical structures of TM6. This may support the
speculation that histidines play a major role in regulating the relative
orientation of two short helices in TM6 by their protonation or
deprotonation, inducing the channel open or close. Because the
interactions between transmembrane segments are lost for the
isolated transmembrane peptide, the change in the relative orienta-
tion of two short helices in response to pH could not be observed.
Previous studies on DMT1 demonstrated that Fe2+ and Co2+
transport approaches maximum at pH of about 6.0, replacement of
His267 or His272 by Ala yields partly or completely loss of the
transport activity, but it could be rescued by lowering pH, indicating
that the His267 or His272 mutation shifts the active state to lower pH
[14]. In the present study we found that the mutation of H267A
induces an extension of the C-terminal α-helix to the central part of
the peptide, resulting in loss of “α-helix-extended segment-α-helix”
structure. Removal of a positively charged residue embedded in
membrane may be energetically favorable for the formation of helix.
Themutation of another histidine in TM6,H272A, has no obvious effect
on the helical structure of the C-terminal part, but unexpectedly
eliminates the N-terminal helix. There are several possibilities that
could interpret the effect of histidine replacement. First, because the
speciﬁc structure of TM6with protonated histidinemay be required to
maintain protein in a functional, transport-competent conformation,
the loss of the speciﬁc structure for H267A and H272A mutants could
lead to deﬁciency of the transport activity. A second possibility is that
themutation of histidines loses part of the trigger of the channel. Other
residues, most likely the conserved negatively charged residues, may
be also involved in this sensor. Loss of histidines would require
protonation of other groups or side chains with lower pKa to create
similar conformational change. Thismay bewhy the histidinemutated
protein still active at lower pH albeit the transport activity is
abnormally at physiological pH. Additionally, the histidines may be
involved in a H+-relay system analogous to the role of His-322 in
lactose permease [41], the H267A and H272A mutations may abolish
the H+-relay system.
4. Conclusion
For the ﬁrst time, we observe an “α-helix-extended segment-α-
helix” structure for DMT1-TM6 in SDSmicelles, which is in agreement
with the model of SLC11 homologs built on the LeuT/SLC6 structure.
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the peptide, while the His272 is involved in the α-helical folding. The
mutation of H267A leads to disappearance of the ﬂexibility in the
central portion of the peptide by the formation of more helical folding.
In the contrary, the mutation of H272A results in an unfolding of the
N-terminal helix while keeping the helical structure of the C-terminal
part. No obvious difference in the structure is observed for each of the
three peptides at different pH values. The substitution of His267 by
Ala also has an effect on the peptide positioning in SDS micelles, the
embedding of the mutant is deeper than that of theWT peptide, while
the location of the peptide in themicelles is less affected by the H272A
mutation. The speciﬁc “α-helix-extended segment-α-helix” structure
of TM6 may have an important implication for the binding of the
transporter to H+ andmetal ions and the conformation change arising
from the mutations of two highly conserved histidines may be
correlated to the deﬁciency of the transport activity of DMT1.Acknowledgments
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